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Introduction

Abstract

Electron spin resonance (ESR) emerges as an
attractive technique used to explore components
of baked systems and their interactions at the
molecular level. ESR techniques have been used
to examine the conformation of amylose in aqueous
solution (Ebert, 1984) and lipid-protein interaction in gluten (Nishiyama et al., 1981 ).
ESR
techniques can also be used to examine starchwater interactions and starch-water-fatty acid
type interactions. The use of stable free radicals, particularly nitroxides as spin probes or
spin labels is based on the change of spectral
line shape with motion. Thus a spin probe either
adsorbed or in a highly viscous medium will have
an entirely different line shape from that of the
probe in a solvent (Berliner, 1976; Berliner,
1979). In order to better understand these
interactions, hexane can be used as an alternate
solvent and TEMPO and 16-DOXYL-stearic acid can
be used as spin probes. Water and hexane differ
in their dielectric properties. Water has a
dielectric consta nt of 80.37 and hexane has a
dielectric constant of 1.890 at 20° C.
The immobilization of spin labels has been
shown through use of spin probes of varying functionality to be through the probe side chain and
not through the nitroxide moiety (Miller, 1979).
In relationship to starch, it is attractive to
choose two probes of differing hydrogen bonding
and hydrophobic-hydrophili c properties to better
understand the starch-water interactions relative
to starc h-water-fatty acid type interactions
(such as are found with stearic acid type
monoglycerides).
In this study TEMPO, a non-hydrogen bonding,
more hydrophilic probe, and 16-DOXYL-stearic
acid, a more hydrophobic pro be were used. Water
and hexane were used as solvents; the two
solvents have the potential to interact differently with starch and probe.
Starches
examined were wheat starch, high (70%) amylose
cornstarch, waxy cornstarch, and hexane extracted
wheat starch. Each starch-probe combination was
suspended in solvent in a starch:solvent:probe
weight ratio of 1:2:0.002.

Starch model systems were examined by
electron spin resonance (ESR) techniques with
either 16-DOXYL-stearic acid or TEMPO spin probes
in water or hexane.
Room temperature starchwater-16-DOXYL-stearic acid spectra showed strong
adsorption occurred between the starch and probe.
Starch-water-TEMPO spectra at room temperature
did not show strong adsorption between starch and
probe, but did show some slowed motion of the
probe as a result of different local environments
experienced by the probe within the starch
granule.
Starch-water-probe spectra from systems
heated from 45-95° C showed no major differences
from unheated samples.
Also, no major spectral
differences existed for each starch system combination studied: wheat starch, hexane extracted
wheat starch, waxy cornstarch, or high amylose
cornstarch. Spectra from unheated wheat starchhexane-probe systems did not show that starchprobe interactions occurred.
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Fig .l. Structure of spin probes:
(a) TEMPO;
(b) 16-DOXYL-stearic acid.

Materials and Methods
Spin Probes
----The structures of the spin probes are shown
in Figure 1. The two probes, TEMPO and 16-DOXYLstearic acid, were obtained from Aldrich Chemical
Co.
All probes were used as received and prepared for use in a probe:solvent weight ratio of
1:1000. Probes in water were magnetically
stirred for 24 h before use.
Probes in hexane
were stirred for 2 h due to increased probe solubility in hexane. The solubility of 16-DOXYLstearic acid in water was less than 1 part per
1000; i.e. , the sys tern was two phase.
Solvents
The two solvents used were glass distilled
water and reagent grade hexane, 99+% hexane, from
Aldrich Chemical Co.
Starches
The starches used were: wheat starch (Aytex
P, General Mills, Inc.); waxy corn starch
(Amioca, American Maize-Products Co.); and high
(70%) amylose cornstarch (Amaizo Amylomaize~ VII,
Arne rican Maize-Products, Co. ). The wheat stare h
was also evaluated after room temperature hexane
extraction for removal of surface lipids from the
granules (Johnson and Hoseney, 1979).
Sample Preparation
-----S-tarch-water-probe
Room temperature adsorption studies were
conducted similar to the method of Liang et al.
( 1980). Starch: water: probe, l: 2:0.002 was
slurried with stirring for 7.4 h at room temperature . Starch and water were then separated
by centrifugation. The separated starch was
washed with 2.5 ml glass distilled water for 2
min and again separated. This process was continued until either no ESR signal could be
detected in the supernatant or twenty washings
were completed. The dilution of any spin probe
in the aqueous phase external to the starch
granules was estimated to be a factor of 5 or 6
per washing by this procedure. The pH of starchwater-probe slurries ranged from 5. 49- 5.83
indicating the systems were saturated with
carbon dioxide and, as expected, not changed by
stearic acid due to its low solubility . The ESR
spectrum of each probe was also determined before
addition of starch and in the dry state (neat
spin label) .
Heating studies were conducted on the
slurried starch - water - probe system.
Starting at
45° C the samples were heated for 4 min, cooled
to r oom tempe r ature, the ESR spectrum recorded,

0
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Fig . 2 . Type of 3-line ESR spectra obtained;
h is peak to peak line height, h(O) is
the central line, h(l) is the low field line
and h(-1) is the high field line.
and the process repeated at 5° increments to 95°
C. Temperature was monitored with a Digital
Thermocouple Thermometer Model 8529-00
(Cole-Parmer Instruments Co.).
Starch-hexane-probe
Wheat starch-hexane-probe systems were
slurried at room temperature for 2 h with
stirring in order to determine whether probe
binding to starch was influenced differently when
the probe was dissolved in a hydrophobic solvent
whose properties are very different from water.
ESR spectra were obtained at room temperature for
the:
starch-hexane-probe slurry; separated
starch from hexane; and hexane supernatant.
Wheat starch was washed with hexane and spectra
obtained from the separated starch and hexane
supernatant. The dilution factor per wash was
similar to that in the starch:water:probe system.
ESR Spectra
Spectra were collected using a varian E-3
spectrometer at about 9. 33 GHz at room temperature using 2 mm glass tubes for sample cells.
No attempt was made to exclude oxygen. The
spectra were recorded in the vicinity of 3.2 G
with attenuation power low enough to avoid any
saturation.
Correlation times (T) were collected for
three-line spectra (Fig. 2) based on the Kivelson
theory (Kivelson, 1960) using peak-to-peak line
height (h) ratios of first derivative spectra and
the line width of the central line [T2(0)]-l
(Stone et al., 1965). Thus

where h (Mn) are the line heights corresponding to
the nitrogen nuclear spin state (Mn = +1, 0, -1)
and b is a constant determined from t he components of the electron-nuclear hyperfine tensor,
given by
b

=

(4 n/3) [Azz - tCAxx + Ayy)].

All correlation times were calculated
assuming isotropic motio n of the nitroxide .
Correlatio n times were calculated only when a
simple 3 line spectrum was observed.
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Fig . 4 . Typical ESR spectra for starch-water- TEMPO:
(a) Spun down sta r ch f r act i on , initial s lurr y ;
(b) Supernatant, in it i al s lurr y;
(c) Spun down starch fraction, 8 th wash;
(d) Supe rnata nt, 8th wash.

f

Fig .3.ESR spectra of TEMPO when neat (a), or in
dilute solution in water (c) , or hexane (e) .
Corresponding spect r a for 16-DOXYL-stearic
acid are s hown i n (b), (d) and (f); (d) is
the spect rum of th e supernatant , i.e., th e
saturated solu ti on .
Res ults and Di sc us sio n

Fi g . 5 . Typical ESR spectra for
starch-water-1 6-DOXYL- stearic acid .
(a) Sp un down starch fraction, initial slurry .
(b) Sp un down starch f r action , 18th wash.
(c) Supernatant; initial slu rr y .
(d) Supernatant, initia l lRth wash.

Typical ESR spectra for TEMPO neat, 16-DOXYL stearic acid neat, TEMPO in water, a saturated
sol uti on of 16-DOXYL - stearic acid in wat er , TEMPO
in hexane , a nd 16-DOXYL-stearic acid in hexane
can be found i n Fi gure 3.
Both probes run neat
had similar line s ha pes consisting of one ve r y
broad line (Fig. 3a and 3b), a result of s pin
broadening due t o the high spin concentration.
The pr o be s in water (Fi g. 3c and 3d ) both had a
shar p 3-line spec tum.
However, 16 -DOXYL-st earic
acid (Fig. 3d), ( 1: = 1 x 10-10 sec) had a
decreased high field line he i ght indi ca tiv e of
mo ti on sl ightl y s lower than TEMPO in water (Fig.
3c), ( T < 10-ll sec) where all thr ee lines were
approximi"te ly th e same height. Three line
spec tra, br oade r than th ose in wat e r, were
recorded for eac h probe in hexa ne (Fig. 3e and
3f). Line broa dness in hydrocarb o n solvents has
been attributed t o oxygen broad e ning (Jost and
Griffith, 1976). When nitr oge n gas was bubbled
through hexane systems sharp thr ee line spectra
were recorded.
Unheated starch experiments with water
Figur~nd 5 contain typical spectra of
sta rch and supernatant separated from starchwat e r-probe systems. Also, typical spectra are
included for starch washed repeat e dly with water
and the supernatant from these wash es .
TEMPO
Starch separated without any washing from
the 24 h slurry of starch-water-TEMPO had a sharp
3-line spectrum (Fig. 4a) with some slowed probe
motion.
Slowed motion for TEMPO in the spun down
starch fraction can be seen from a co mparison
between TEMPO in water (Fig. 3c) ( 1: ~ 10-11 sec)

and TEMPO in the starch fraction f r om the slur r y
(Fig . 4a) ( 1: = 1 x 10-10 sec) .
A sharp 3-l ine
spectr um simi lar to that seen for TEMPO in water
was obtained f r om the first su~er':latant (Fig. 4b).
The 1: value was 1: < 10-ll sec 1nd1cat tn g probe
motion wa s not s l owed . Sub sequent wash in gs and
separat i o ns of starch from super nata nt gave simi la r r es u lts exce pt for gradual diminution in
spect ral intensity. No ESR sig nal was detected
after the 8th wash in the s up ernata nt (Fig. 4d).
The ESR s i gnal for the 8th wash sta r ch fraction
(Fig . 4c) was so small that 1: could not be calc ulated.
Eve ntuall y the ESR sig na l disappeared
fro m the sta r c h fraction with further washing of
the starch. With a dilution factor of 5 or 6 per
wash, it was ca lculated that the ESR sig nal
shou ld hav e disappeared by the 6th wash due to an
und e t ec table concentration of spin probe
remainin g in the sample (< lo-6 M). The e i ght
washing s actually required for the ESR signal to
disappear from the spun down sta rch fraction was
in c lose agreem e nt with the theoretical ca lculat ed numbe r of washings, allowing for experimental error.
The slo wed TEMPO mo tion at r oo m temperatur e
for the starch fraction indicates that TEMPO in
water interac ts with the starch granule prior to
h ea ting. The majority of ESR signal in the spun
down starch fraction was from pr obe in the
aqueous phase around the starch granules, but
since 1: was measurabl y s lowed in th e composite
spectrum, it suggests that th e re was some
penetration of probe and water in the granules .
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Since TEMPO washed out of the starc h fraction
easily , a stro ng binding or adsorptio n did not
occur . The slowed motion was attributed to diffe r ences in th e local environme nt around TEMPO in
t he sta r ch granule.
16-DOXYL-stearic acid
The spec tra from a spun down wheat
starch-water-16 -DOXYL-stearic acid sample (Fig.
Sa) were markedly different from those of the
3-line spect rum 16-DOXYL-stearic acid in water
(Fig. 3d) or of the neat probe (Fig. 3b) .
Instead
of the 3-line spectrum, a dilute-spin broad line
powder pattern occurred indicating g r eatly slowed
motion.
After 18 washings, the line shape and
intensity of the spectra of the sta rch fraction
remained unchanged (Fig. Sb). The supernatants
from the o ri ginal slurry (Fig. Sc) or from any of
t he 18 washi ngs ( Fig . Sd ) had a spin concentration too low to detect ( < 10-6 M), mu ch lower, in
fact, than that in a saturated solution of the
spin probe.
The occurrence and persistence of a dilute
spin powder pattern spectrum from the starch
fractions combined with the absence of a ny ESR
activity in the s upernatants indicates a very
strong adsorption , binding, or simultaneous
adsorption and binding of the stearic acid probe.
The interactions could have occurred either at
the su r face or in the interior of the starch
gran ul e .
To hel p answer t hi s question, the fol l owing
calculation was made and is summarized in Tab l e
l.
Total surface area for the amou nt of starch
in the samp l e (2. 5 g) was calculated assuming a
spherical shape, density of 1.5 g/c m3 (Banks and
Greenwood, 1975), and diameters of 1, 10, and 100
~ m.
The surface area occupied per molecule of
16-DOXYL stearic acid a nd the distance between
mo lecules were estimated assuming adsorption and
binding of all of the probe molecules on the
sta r ch surface. This calculation shows that the
dista nce between 16-DOXYL stearic acid molecules
on a sampl e of sta r c h gra nul es with diameters
be tween 10 a nd l 00 ~ m would r a nge f r om 4. 1 to l. 3
A..
Distances of this mag nitud e sho u ld result in
a broadened ESR spectrum simila r to that of the
nea t probe (F i g 3b) . The spect r a actually
obse r ved for starch with diameters ranging from 2
to 40 ~ m (Goebe l et al. 19 84), howeve r, wer e a
dilute sp in broad line powder pattern indic ating
that the probe molecules were more widely spaced .
Such a spaci ng would be possible if the probes
were a d so rb ed or bound in the interior rather
than o n ly o n the surface .
In a separate expe rim ent the s tar ch -water-16DOXYL-stearic acid sl urr y wa s sampled at 15 min
intervals to determine th e time period required
fo r the powd e r pattern spectrum to appear .
In
this expe r ime nt care was taken to insure that the
"chunks" of spin probe in the spin probe-wate r
dispersion were not sampled. The powder pattern
wa s o btained after 90 min of slurrying.
Some discu ssio n exis ts as to wh e ther starch
g ranules have a lipid membran e o r surface lipid
strongly adhered to th e granule s urface . The
ease by which 16-DOXYL - stearic acid binds to
starch does not support a lipid s urface .
Studies
show that hydrophobic probes take a much longer
time to transf e r into the membrane as found in
classic memb r ane-probe studies (McConnell, 1976).

Heated Starch Experiments with water
TEMPO
Typical spectra of wheat starch-water-TEMPO
systems heated at different temperatures are
shown in Fig. 6. The spectrum run immediately
after the slurry was prepared without heating
(Fig. 6a) showed slowed motion the same as the
slowed motion seen for starch fractions slurried
with TEMPO in the washing experiment (Fig. 4a) .
Spectra from samples heated at higher temperatures (Fig. 6b and 6c) also showed slowed
motion of the probe with T ranging from 2 x 10-10
to 4 x 10-10 sec. This mot ion was slightly
slower than room temperature T ranging between
x lo-10 and 2 x 10-10 sec but was not considered
significantly different fro m the motion calculated from unheated systems .
16-DOXYL-Stearic Acid Heating Experiments
Typical spectra from-wheat starch-water-16DOXYL-stearic acid systems at room t emperature
and after heating are shown in Fig. 7. The
spectrum of the room temperature slurry (Fig. 7a)
showed a broad line powder pattern indicating
greatly slowed motion .
After heating at different temperatures only minor changes were
observed in the line shape of the spectra (Fig.
7b and 7c) .
The small changes seen are typi cal
of changes expected from local e nvir onment differences between starch and water (such as viscosity cha nges) . The most sig nifi can t feature of
this experi ment was that stro ng prob e adsorption
occurred at room temperature and remained
unchanged with heating.
Other Starches
-----The other four starch types studied showed
only small differences for the same probe system
after mixing, separation of starch from supernatant, washed starch or heated sta r c h systems .
Therefore the typical spectra presented in
Figures 2-6 for wheat starch are representative
of the r esults seen for t he other starc hes as
long as the treat ment was the same.
Hexane a s a solve nt
~gures Sa a nd 8b s how spectra of wheat
starch with hexane using TEMPO a nd 16-DOXYLstearic acid as pr obes r espect iv e l y . These
spect ra are ide nt ical to th ose found for probes
and hexane (Fig. 3e and 3f) . These r esults indicate that binding or adsorption o n starch of
eit he r probe did not occ ur wh en slurried with
hexane .
The spec tra of starc h initially se pa rat ed
fro m supe rnat ant (Fig. Be and 8d) and with s uccessive hexan e wa s hes (Fig. 8g and 8h) show a less
intense spectrum fo r eac h probe type with
repeated washin gs. The supernatant from eac h successive wash also s hows a less intense pr obe
signal as the probe concentration remaining in
the starch dec r eases .
Spe ct ra of the lOth was h
supernatant (Fig. 8i and 8j) show a much less
intense ESR signal than s upernatant from the initial slurry (Fig. Be and Sf). Thus the binding of
th e stearic acid probe ei ther needs a more
hydrophilic solvent such as water to facilitate
the binding or a sol vent such as water for which
the stearic acid prob e has a lower solubility.
Conclusions and Implications
The strong starch-16-DOXYL-stearic acid
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Fig . 6 .Typ i ca l ESR spec tra f o r s t a r c h-wat e r-TEMPO:
(a) Unheated;
(b) He at ed t o 45° C;

( c ) Heat ed to 95°C.

Fig . 7 .Typ i cal ES R s pectra f o r s t a r c h-wa t e r-16-DOXYL- s te a ri c ac i d :
(a) Unheate d;
(b) Hea te d t o 45 °C ;

( c ) Hea t ed t o 95°C.

interactions were found to take place in the
starch granules at room temperature in aqueous
systems and were not changed when starch was
heated up to 95° C. TEMPO although motionally
slowed did not result in strong binding with
starch.
Slowed probe motion was attributed to
differences in the local environments experienced
by the probe within the starch granule. No major
differences existed for each starch system combination studied: wheat starch, hexane extracted
wheat starch, waxy cornstarch or high amylose
corn starch.
Spectra from unheated wheat starchhexane-probe systems do not show that starchprobe interactions took place.
These results suggest that interactions such
as adsorption or binding can occur during product
formulation at room temperature and early in
formulation with long chain saturated fatty acid
type molecules. Knowledge of how and in what way
the interactions take place would allow the processor to alter the formulation and utilize techniques to control which reactions and at what
time during processing these reactions take
place. Encapsulation would be an example of such
a procedure.
Rotational correlation coefficients
at room temperature and for heated and cooled
samples were similar. This indicates that water
and spin probe enter the starch granule at room
temperature.
Table l.

Calculated Starch and 16-DOXYL-Stearic
Acid Parameters.

Parameter

"'"""'"'..._.,~.,..,....~--:·
I

Fig .8. Typical ESR spectra for starch-hexane-TEMPO
(a,c,e,g,i) and starch-hexane-16-DOXYL-stearic
acid ( b, d, f, h, j)
(a,b) Unfractionated;
(c,d) Starch fraction, initial slurry;
(e,f) Supernatant, initial slurry;
(g,h) Starch fraction, lOth wash;
(i,j) Supernatant, lOth wash.

Starch Granule Diameter (11m)
10
100
1

Starch Su2face
Area (A )

1x10

2
A /Stearic
Acid Molecule

166 . 7

16. 7

1.7

Distance between
molecules (A)

12. 9

4. 1

1. 3

21

lxlO

20

1x10
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probe binding, or a combination of probe
adsorption and binding with starch.
The major
focus of this study was to determine whether
starch-probe interactions occurred.
This
could be determined from visual analysis of
the spectral line shape.
It is possible to
also calculate rotational correlation
coefficients for these types of spectra which
would provide quantitative information on the
degree of probe immobilization.
Calculation
of the rotational correlation coefficient
would not provide information necessary for
the objectives of this study but could be
useful to determine differences in the degree
of probe immobilization for different
starches.
C. Hoseney: Although not specifically mentioned,
I assume the 16-DOXYL-stearic acid probe is
bound by amylose. Yet you report that the
probe gave identical results with waxy and
high amylose starches. How is this explained?
Authors: The powder pattern spectra recorded for
both waxy and high amylose cornstarch are
indicative of strong binding of the probe,
adsorption of the probe, or a simultaneous
combination of these two different phenomena.
It is possible that the binding and adsorption
occurred with the amylose, amylopectin, and
lipid components of the high amylose starch.
Small spectral differences indicated by a
slightly less broad powder pattern were evident
for the waxy starch and could have resulted
from absence of the amylose binding or adsorption contribution to the spectra.
Further
work is being conducted to answer this
question.
C. Hoseney: I do not understand your statement
concerning a lipid membrane on starch granules.
I know of no evidence of such a membrane.
Authors: The issue of whether a lipid membrane
exists on starch granules is a controversy
having supportive evidence in the literature
for either position.
Gracza cites numerous
studies that suggest the presence of lipid or
lipoprotein membranes on starch granules and
that the membrane is derived from the amyloplast in the developing plant (Gracza, R.
Minor constituents of starch.
In:
Starch:
Chemistry and Technology, ~ L. Whistler and
E. F. Paschall ( eds. ) , Academic Press, New
York, 1965; 105-131).
Simmonds also observed
remnants of amyloplast membranes surrounding
starch granules (Simmonds D. H. Morphological
and molecular aspects of wheat quality.
\-lallerstein Laboratories Communications XXXIV,
1971; 17-31). Conversely, Cloke et al. (Cloke
J.D., Gordon J., and Davis E . A. Freeze-etch
of emulsified cake batters during baking.
Food Microstructure 1, 1982; 177 - 187) and
Davis and Gordon (Da~is E.A. and Gordon J.
Applications of low temperature microscopy of
food systems. J. of Microsc. 112, 1978;
205-214) found no evidence of ;-;tarch granule
membrane in freeze - etch and ultra-low temperature microscopy studies of model systems.
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Discussion with Reviewers
W. R. Croasmun: What more detailed information
about the motional state of the probe can be
obtained from the lineshape of the ESR spectra
of the starch-water-16-DOXYL-stearic acid
system?
Authors: The powder pattern spectra obtained for
starch-water-16-DOXYL-stearic acid systems
resulted from very strong probe adsorption,
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